Acetaldehyde (AA) and crotonaldehyde (CA, 2-butenal in IUPAC nomenclature) are reactive, ubiquitous aldehydes, which are present in the environment, and the strong carcinogenic property of CA has been confirmed and the carcinogenicity of AA has been strongly suspected.
1-7)
CA reacts with the exocyclic amino group of guanine in DNA to form cyclic 1,N 2 -propano guanine (CPr-Gua) adduct as a main DNA adduct. 8, 9) The structure of CPr-Gua is shown in Fig. 1 . The exogenous exposure of humans to CA can occur by inhalation of cigarette smoke or automobile exhaust gases. A substantial amount of the CPr-Gua adducts has also detected in oral tissue DNA, with increased amounts in cigarette smokers. 10) On the other hand, using a highly sensitive 32 P-postlabeling method, CPr-Gua has been detected in a variety of tissues of untreated rats and mice and in human liver, mammary glands and leukocytes, and this will be in part ascribed to CA arising from endogeneous lipid peroxidation. [11] [12] [13] Thus, the "CA-derived" CPr-Gua adducts will have both exogenous and endogeneous sources.
The main source of exposure to AA for the majority of the general population is through the metabolism of alcohol from drinks. It is formed endogenously as a primary product during the metabolic oxidation of ethanol by alcohol dehydrogenases in the liver. The N 2 -ethylguanine (Et-Gua, see Fig. 1 ) adduct was detected in granulocyte and lymphocyte DNA of alcoholic patients and this adduct has been considered to be a major DNA adduct by AA. [14] [15] [16] [17] [18] [19] There is a possibility that Et-Gua would induce G-C transversion in vivo. 18, 19) On the other hand, recently, the CPr-Gua adduct also has been considered to be another major DNA adduct of AA. [20] [21] [22] This adduct is considered to cause either base substitution or frameshift mutations.
11) Wang et al. reported that the CPr-Gua adduct was formed in reactions of 2Ј-deoxyguanosine (dG) or calf thymus DNA with AA. 20) In our previous work, formation of the CPr-Gua adducts was observed in DNA of cultured HL-60 cells exposed to AA. 22) Wang et al. suggested that there are two path ways to the CPr-Gua adduct, namely, that from CA formed by the aldol condensation of AA and that from consecutive reaction of two molecules of AA. 20) One of the co-authors (M.S.) has reported that the reactions of guanine nucleosides and nucleotides with AA are significantly accelerated under mild conditions by addition of some basic amino acids such as arginine and lysine to give the corresponding cyclic 1,N 2 -propano derivatives almost quantitatively. 21) Both aldol condensation of AA to CA and the formation of the CPr-Gua adduct from CA would be accelerated strongly by the added basic amino acids.
Is there any biological meaning to this remarkable acceleration by the basic amino acids?-This is a question which is the major subject of this work. We hypothesized that the basic amino acids may be those in histone. Histone is essential for DNA packaging and contains a large amount of basic amino acids such as arginine and lysine. 23) In this work, the formation of the CPr-Gua adduct has been studied in the presence of histone. Futhermore, we have employed calf thymus DNA, in place of guanine nucleosides and nucleotides, as a substrate.
In our prevuous study mentioned above, we performed high-performance liquid chromatography-electrospray ionization-mass spectrometry (HPLC-ESI-MS) measurements, following deprination of DNA samples to get adducts as the corresponding base forms, for the simultaneous detection of the Et-Gua adduct and the CPr-Gua adduct in DNA. 22) In the ESI-MS analysis of the adducts, considerably high efficiency of ionization was achieved for the corresponding base forms, compared with the corresponding nucleoside forms, to achieve highly sensitive detection of the adducts. 24, 25) In this work also, HPLC-ESI-MS has been employed for quantification of the CPr-Gua adduct in evaluation of the reactivity of DNA with AA and CA. Additionally, we have employed a semi-micro HPLC in place of the conventional HPLC to result in improvement of sensitivity of this method.
MATERIALS AND METHODS
Reagents and Chemicals Adenine, guanine, arginine, di-sodium hydrogenphosphate 12-water and sodium dihydrogenphosphate dihydrate were obtained from Nacalai Tesque (Kyoto, Japan). Acetaldehyde (AA) was obtained from MERCK (Schuchardt, Germany). 2-Butenal (crotonaldehyde, CA) and ammonium acetate were obtained from Kishida Chemical (Osaka, Japan). Calf thymus DNA (D-1501) and calf thymus histone histone (H-6005, type II-S prepared by extraction in the 1 M NaCl solution) were obtained from Sigma-Aldrich Japan (Tokyo, Japan). N 2 -Ethylguanine (EtGua) and cyclic 1,N 2 -propano guanine (CPr-Gua) as authentic standards were synthesized as reported previously. 20, 21, 26) All other chemicals were of analytical grade.
Semi-micro HPLC Separation Procedure Semi-micro HPLC separations and following ESI-MS mesurements were performed using an HP1100 series LC/MSD (HewlettPackard, U.S.A.) system equipped with an electrospray interface and UV absorbance of the eluate was monitored at 254 nm. All analyses were performed at 30.0°C, using a Deverosil ODS-UG-3 (3.7 mm; 2.0ϫ150 mm; Nomura Chemical, Japan) as a separation column with a Deverosil ODS-UG-5 guard column (5.7 mm; 1.5ϫ10 mm). Injection volume was fixed at 20.0 ml. Isocratic separations were done using a mixture of 10 mM ammonium acetate and methanol (85 : 15) as an eluent at a flow-rate of 150 ml/min. The selected ion monitoring (SIM) with the positive ion mode was performed at m/zϭ180.1 and m/zϭ222.1 for detection of Et-Gua and CPr-Gua as [MϪH] ϩ ions, respectively. Conditions of the ESI source of the mass spectrometer were optimized, using the optimizing program belonging to the apparatus, to obtain the highest SIM signal intensity and were as follows: voltage, 2.1 kV; and capillary temperature, 350°C using the above eluent.
Identification of peak components was performed using retention times with SIM detection at the m/z values of the base peaks of ESI-MS spectra of the authentic standards and UV spectra measured with the photodiode array detector compared with those of the authentic standards.
Reaction Conditions of Calf Thymus DNA Calf thymus DNA (1.0 mg) and AA (50 ml) or CA (12.5 ml) were dissolved in 100 mM phosphate buffer (pH 7.5). The total volume of the solution was 1.5 ml and the solution was heated at 37°C in a test tube for 18 h with stirring under anaerobic condition using an argon balloon. Then, the DNA solution was dialyzed against distilled water for 4 h and the remained sample solution was hydrolyzed in 100 mM HCl at 70°C for 1 h. It was confirmed that both Et-Gua and CPr-Gua were very stable in the acidic medium. Only purine bases, namely, those related to adenine and guanine, should be released with this treatment. Figure 2 shows the semi-micro HPLC separation of an authentic standard mixture of adenine, guanine, N 2 -ethylguanine (Et-Gua) and 1,N 2 -propano guanine (CPrGua). They were completely separated within 12 min.
RESULTS AND DISCUSSION

Semi-micro HPLC Separations and MS Detection of Nucleobases
Under the optimized MS conditions indicated in the experimental section, the limits of detection of Et-Gua and CPrGua were 1.0ϫ10 Ϫ10 and 7.5ϫ10 Ϫ10 M, respectively with a signal-to-noise ratio (S/N) of 3 (equivalent to 2.0 and 15 fmol loaded on the column, respectively). In the present method using the semi-micro HPLC method, the detection limit of Et-Gua was about 3 times lower than that using the previous method using conventional HPLC, because of lower dilution in the present semi-micro column compared with the previous column of the conventional size. 22) Calibration curves for the peak areas of selected ion monitoring (SIM) signals were made using authentic standards and the curves exhibited good linearity (r 2 Ͼ0.999 for nϭ6) in the range of their concentrations from 5.0ϫ10 Ϫ9 M to 1.0ϫ10 Ϫ6 M. Quantification of the guanine adducts in DNA sample was based on these calibration curves.
Quantification of the Adducts in Calf Thymus DNA Treated with the Aldehydes Calf thymus DNA was treated with AA or CA for 18 h. After dialyzing against distilled water for 4 h, the DNA samples were hydrolyzed and analyzed by semi-micro HPLC-ESI-MS. Figure 3 shows a semi-micro HPLC-ESI-MS analysis of calf thymus DNA reacted with AA after the above pretreatment. The component of peak 4 in Figure 3 was identified as CPr-Gua by the retention time with SIM detection (at m/zϭ222.1) and the UV spectrum. The levels of the CPr-Gua adduct found in calf thymus DNA samples were 2.72 adducts/10 4 normal guanine, while the Et-Gua adduct being detected in DNA of alcoholic patients was not detected in this measurement. On the other hand, the Et-Gua adduct was detected predominantly in calf thymus DNA sample with AA in the presence of some strong reductants such as NaBH 3 CN. 20, 22) These results indicate that certain reductants will be present in human bodies to form the Et-Gua adduct, although it is not clear which reductant is related to the formation of the Et-Gua adduct in vivo at this moment.
Acceleration of the Formation of CPr-Gua in Calf Thy- Conditions: eluant, 10 mM ammonium acetate and 15% methanol; separation column, Develosil ODS-UG-3 (3.7 mm; 2.0ϫ150 mm); guard column, Develosil ODS-UG-5 (5.7 mm; 1.5ϫ10 mm); flow rate, 150 ml/min; detection wave length, 254 nm; column temperature, 30°C. Peaks: 1ϭguanine, 2ϭadenine, 3ϭEt-Gua, 4ϭCPr-Gua. mus DNA by Histone Previously, Sako et al. reported that the reactions of guanine nucleosides and nucleotides with AA are significantly accelerated by addition of some basic amino acids such as arginine and lysine to give the corresponding cyclic 1,N 2 -propano derivatives almost quantitatively under mild conditions (in pH 8.0 phosphate buffer at 37°C).
21) The proposed mechanism is as follows (see Chart 1). The aldol condensation of AA to the equivalents of 3-hydroxybutanal (1) followed by dehydration can be accelerated by addition of a basic amino acid to form a Schiff base (2) as the key intermediate. The Michael addition of the exocyclic amino group of guanine on the substrates to the 2-butenylidene moiety of 2 followed by ring-closure and the subsequent hydrolytic elimination of the basic amino acid affords the CPr-Gua adduct (3) as the ultimate product. Both the aldol condensation of AA and the Michael addition of the exocyclic amino group of guanine to the 2-butenylidene moiety would be accelerated by addition of a basic amino acid, via the formation of Schiff bases with the amino acid in each step.
Furthermore, acceleration of the formation of the CPr-Gua adduct from CA should occur by addition of the basic amino acid because the basic amino acid and CA can form the same Schiff base, 2, as indicated in Chart 1. Indeed, the accelerating effect in the formation of the CPr-Gua adduct, 3, by CA was remarkable as mentioned below.
To discuss the biological meaning of the significant acceleration by the addition of the basic amino acids, histone was used in place of the basic amino acids and additionally, a calf thymus DNA was used in place of nucleosides and nucleotides. Histone proteins are essential for DNA packaging and contains a relatively large amount of the "effective" basic amino acids such as arginine and lysine. Namely, we expected that the basic amino acids would be those in histone.
The accelerating effects of histone or arginine in the formation of the CPr-Gua adduct in DNA are summarized in Table 1 . For the double-stranded calf thymus DNA, 8-times and 25-times larger amounts of the CPr-Gua adduct were formed in the reaction with AA and CA, respectively, by the addition of 9.0 mg histone (0.60% (w/v) of histone in the reaction mixtures) compared with that in the absence of histone and arginine.
The amount of the CPr-Gua adduct formed in the presence of 9.0 mg of histone was remarkably increased by pretreatment of the double-stranded DNA at 95°C for 10 min to form the single-stranded moieties of DNA. Compared with the double-stranded DNA in the absence of histone and arginine, the amounts of the CPr-Gua adduct were 72 and 178-fold larger for the single-stranded DNA in the reaction with AA and CA, respectively. These results seems reasonable, because, in double-stranded DNA, base pairs are formed by hydrogen-bonding and this situation should reduce contact of the aldehydes to the exocyclic amino group of guanine as the reaction site.
There is an obvious acceleration effect of histone for the pretreated DNA also. Namely, 4.5-fold amount of histone (from 2.0 mg to 9.0 mg) resulted in formation of 3.4 and 4.0-fold amount of the CPr-Gua adduct in the reaction with AA and CA, respectively, and a total amount of arginine and lysine in a calf thymus histone protein was reported to be about 23% (w/w). 27, 28) The acceleration effect by lysine was measured about 70% compared with that by arginine in the previous work. 21) Therefore, as the accelerating activity, 2.0 mg arginine will be a nearly equivalent amount of the two basic amino acids (arginine and lysine) contained in 9.0 mg histone and ex- Table 1 . These results may indicate that the catalytic effect of histone predominantly derives from the basic amino acids in its structure.
It should be mentioned that the concentrations of AA in the reaction mixtures were much higher than those that can be reached in vivo. For example, concentration of AA in the blood of a person with aldehyde dehydrogenase (ADH) genedefect was reported to be ca. 0.1 mM 1 h after drinking, while it was 0.001 mM for controls. 29) For the formation of the CPrGua adduct, two molecules of AA are needed and dilution of AA can be greatly disadvantageous from the viewpoint of kinetics of the reaction. Experimentation under the conditions of lower concentration of AA is in progress, to obtain information reflecting a more practical situation in human tissues.
CONCLUSION
For controls, AA in blood will not be kept at so high concentration because AA will be soon hydrolyzed by ADHs even though it is formed as the primary metabolite of ethanol in the liver. In the case of alcoholic patients, however, continuous intake of alcohol can cause chronically high concentrations of AA in their bodies. 16, 28) On the other hand, not a few people lack the ADH genes. Recently, it has been reported that the people with ADH gene-defect can be exposed to nearly 100-fold higher risk than those who possess normal genes of ADHs. 30) Thus, carcinogenesis by AA should be studied in detail, as well as that by CA which is known as a strong mutagen.
In this work, the reaction of calf thymus DNA with AA and CA to form the CPr-Gua adduct was significantly accelerated by the addition of histone. Furthermore, the amount of the CPr-Gua adduct formed in single-stranded DNA was much larger than that in double-stranded DNA. These results suggest that DNA in vivo, which coexists with histone invariably and often opens the double-strands during DNA replication and transcriptional events of cells, is exposed to a much more dangerous situation, compared with DNA molecules alone, from the viewpoint of formation of the CPr-Gua adduct.
In future, the gene toxicity of the CPr-Gua adduct should be investigated, and we have noted that the adduct is subject to oxidation. This adduct can be decomposed via oxidation much more easily than authentic guanine. We will report in due course the identification of the decomposed products and discussion of the miscoding potentials of the products to cause carcinogenesis.
